In the past three decades Korea has developed into a highly industrial nation, recording an annual growth rate of more than 8 percent. The rapid growth in Korean economy was possible through technological developments and innovations that spread across a wide spectrum of industries. In this paper, selected leading Korean industries are reviewed with respect to their contributions to the domestic and global markets. Particularly, the scope and impact of tribology in transportation and electronics industries are discussed. Also, a perspective of how tribology is expected to play a role in the future technologies of Korea is presented. Finally, some thoughts on issues to be addressed to advance the state of tribology in the industry are provided.
Introduction and background
Since it is well understood that tribology has a direct impact on the economy, the state of tribology for a given country may be perceived by viewing the economic status of that country. Hence, the aim here is to introduce the development of Korean industries within the context of tribological issues of the past, present, and near future.
Korea is a peninsula located in the far east Asia with a population of about 48 million. Since the end of the Korean War in 1953, the country has made tremendous stride in emerging as one of the leading industrial nations in the world. During the last 40 years its per capita Gross National Income grew by a stunning 188 times.
Owing to insufficient natural resources and limited domestic market, manufacturing of value added products for the world market became the key strategy to sustain and expand the Korean economy. In the 60's and 70's, with prolonged engagement of government in the private sector, the industries were streamlined to attain the highest level of global competitiveness. Such efforts aided in laying the foundation for the Korean economy for the following few decades.
As of 2005, Korea was the 11th largest economy ( Fig. 1 ) in the world by Gross Domestic Product and led the world in several major products 1) . The country enjoyed a trade surplus in 2005 with an export and import of US$284 billion and US$261 billion, respectively. The output of the ship building industry in 2005 was 10.2 million gross tons and the top seven ship building companies in the world were Korean companies. Other industries that form the backbone of the Korean economy include transportation, electronics, and crude steel production. As for the automotive industry, it produced 3.7 million automobiles in 2005 which was 5th in the world. Crude steel production was also 5th in the world with 47.8 million tons produced in 2005 2) . Semiconductor memories, information storage devices, flat panel displays also make up a significant portion of the Korean industrial trade.
Within each major industry tribological issues are deeply embedded, sometimes being significant enough to be the technology enabling factor. The heavy industries such as machine tool and ship building share much of the common tribological problems arising from manufacturing processes of the components. Also, lubrication is heavily relied upon to tackle much of the contact problems encountered in machines. Next, Korean lubricant, transportation and electronics industries are reviewed with a closer look at the status of tribology in these industries with some perspective on the role of tribology in future technologies. It should be noted that the tribological issues are inherent to the industry, and therefore, much of the tribological concerns will be shared by the same industry all around the world.
Lubricant and Transportation industry
The root of Korean industrial tribology lies in the development of lubricants. The lubricant market began to emerge in the 1960's together with the economic development plan laid out by the government. At that time, much of the lubricant products were imported from abroad. A large portion of the lubricant was used for vehicles and equipment for constructing the highways up until the early 1970's. Then as the Korean industry shifted to heavy, shipbuilding, and automobile industries in the late 1970's and 1980's, the demand for lubricant grew rapidly.
In some sense, high demand for lubricant may be interpreted as the growth in industrial products. Fig. 2 shows the lubricant production in Korea from 1995 to 2005 3) . The drop in the lubricant production in 1998 is attributed to the IMF economic crisis that Korea faced in 1997. Slow down in the economy is well reflected in the demand for lubricant. This tendency can be also seen from comparison of the lubricant production with the GDP variation shown in Fig. 3 1) . The overall trend of the GDP follows that of the lubricant production. Thus, lubricant production may be considered as one of the indicators of the state of economy.
Korean automobile export accounts for about 10 percent of the nation's total export, and hence, it is one of the largest and most important industries in Korea. Korea exported 1.8 million automobiles while importing only 30,000 in 2003 4) . As has been extensively reported in the past, there are numerous tribological issues that face the automotive industry. Automobiles are full of moving parts that need to be optimized from the tribological point of view to achieve high performance.
In fact, most of the automotive parts that require servicing are parts that are subject to friction and wear. The tribological concerns shared by automobile companies in Korea are common around the globe. Particularly, surface texturing techniques to achieve optimum sliding conditions to minimize wear and noise are continuously being researched. The basic concept for texturing the surface is illustrated in Fig. 4 . The purpose of the texture is to provide better lubricating conditions at the interface and also eliminate wear particles that may cause the plowing component of friction to increase 5) . This subject is also of wide interest to other related fields. Other tribological developments include functional lubricant additives, continuously variable transmission, brake squeal prevention, and many others that involve contacts.
Recently, railroad tribology in Korea has gained much interest with the adoption of high speed train in 2004. The government plans to develop a next generation high-speed train that can travel at a speed of 400 km/h by 2011 6) . The wheel/rail interaction and wear issues, contact and wear of pantograph, emergency braking technology, and brake wear are some of the tribological issues researched in the high speed train technology.
Electronics industry
The Korean electronics industry is particularly strong in the semiconductor memory area. It accounts for about the same export percentage as the automotive industry. Semiconductor memory export amount is more than ten times the amount of import. However, the Fig. 4 Purpose of textured surface is to improve the lubrication condition as well as to eliminate the wear particles at the sliding interface import of non-memory semiconductor devices is slightly higher than that of export 4) . The tribological issues related to semiconductor are mostly encountered during the fabrication process. Chemical Mechanical Polishing (CMP) process for planarization of wafers involves delicate abrasive and chemical interactions among the slurry, pad, and the wafer. The process control parameters are directly related to frictional and abrasive interactions, which in turn dictate the outcome of the process. The key issue is to reduce the number of CMP process during wafer processing to minimize the possibility of process error and time.
Another important key electronics product of Korea that involves significant tribology is the printer. Currently, multi-function inkjet printers have the largest market among the printers. The key component of an inkjet printer is the printer head which has a micro-nozzle through which the ink is ejected onto the paper. Tribological investigation of this device involves the micro-capillary action of the ink which is directly related to the surface energy and the wetting characteristics of the nozzle channel. For high speed laser printers adhesion between the toner and the paper becomes an issue. Ability to localize the adhesion of the toner particles on the paper affects the resolution of the print. Also, friction between the paper and the roller, and between two stacked sheets of paper affects the high speed paper feeding process. Particularly, the friction may be sensitive to environmental factors such as temperature and humidity. Without proper control of the frictional interaction between the paper and the feeding parts, jamming and multiple-sheet feeding problems will occur.
One of the most sophisticated and delicate applications of tribology is the information storage device. Korean electronics industry account for a significant portion of the world's optical and magnetic storage devices. Particularly, overcoming the head/disk interface (HDI) problems of a hard disk drive will continue to be the key to achieving higher performance drives. The technology is pushing the limit of magnetic recording areal density and the device is getting ever smaller. The development of a nanometer thick carbon overcoat, optimization of HDI for perpendicular magnetic media, adjustable flying height, and thermal assisted recording are few of the key issues involving tribology of current and near future hard disk drive technology.
Future industrial tribology
Tribology has been an integral part of Korean industrial development up to now. As the emphasis of technology gradually expands to bio and nanotechnology, the role of tribology is expected to be greater than ever before.
For future prospect of the Korean economy, the government has recently identified ten key technology areas for strategic development. In line with the above strategic technology areas, the government and academic organizations, together with the industry are currently involved in developing ultra-high value added products such as self propelling micro-robotic endoscope, probe data storage device, large display panels, and nanolithography tools among others. In each of these products, understanding and controlling the tribological interactions is crucial.
Under the government sponsored program, efforts are underway to develop a self-propelling robotic endoscope for medical diagnosis and treatment. Preceding to this effort was the development of a capsule-type endoscope that could reduce much of the discomforts of using a conventional endoscope. The tribological issues involved in the development of the capsule-type endoscope included understanding of the interaction between the capsule and the intestine surface. From this understanding, the optimum design of the capsule body as well as the surface state could be identified. In the next stage of development, the objective is the achieve position control of the endoscope inside the organ. For this purpose, a method to actuate the capsule is needed. Fig. 5 Tribological challenges in probe-based data storage technology of the future Self-propelling micro-robotic endoscope requires adequate traction between the robotic leg and the organ tissue. This opens up a new realm of bio-tribology that involves contact between a solid and a tissue material, which is an extremely difficult material to characterize because of its viscoelastic, micro-structured, and wet properties 7) .
Lubricant Particle
Another key technology area of the future involves information storage devices. The data storage industry in Korea, which includes solid state memory, hard disk drive, and optical drives, is quite significant in the world market. However, these storage devices are forecasted to reach a physical limit as the areal density continues to increase. For example, in the case of the hard disk drive, the areal density of current commercial products is about 130 Gb/in 2 . Though this value is expected to increase further, an alternative method is needed to go beyond the 1 Tb/in 2 areal density. Among the few methods that are being pursued around the world, probe-based data storage technology is currently being developed by the Korean data storage industry.
In probe-based data storage the goal is to achieve recording densities beyond 10 Tb/in 2 . A significant factor that would determine the success of this technology lies in overcoming the tribological challenges. Probe-based data storage method requires extremely low wear rate and low friction of the tip and the media to assure adequate life and reliability. As illustrated in Fig. 5 , the interaction between the probe tip and the recording media makes it inevitable to develop tribological solutions to make this technology possible. The challenge is to understand the mechanisms of wear under ultra light loads and apply the knowledge to make the wear rate to near zero 8) . Such a breakthrough in tribology will enable new technologies to emerge in the future.
Closure
Though tribology has played a significant role in promoting major industries in Korea, there is still much opportunity for tribology to play a bigger role in the future. One of the reasons why tribological design solutions are not prevalent in the industry as much as they should be is because in many cases engineers do not realize that a particular problem can stem from tribological issues. For example, if excess noise comes from a particular machine, the common tendency is for the engineer to approach the problem from structural vibration point of view while the origin of the problem may be due to contact sliding problems. In this sense engineers should be better aware of potential benefits that can be derived from tribological design optimization, particularly in precision systems. As long as the usefulness of tribology is demonstrated to the field engineers, the demand for tribology in the industry will continue to grow.
Another factor that needs to be improved in order to propagate tribology more deeply into various industrial sectors is regarding standardization of testing methods. Standardized tests should be developed to better represent the features of a given industry. The results of the tests should be repeatable and consistent to gain the confidence of the field engineers. Thus, greater effort should be given by the tribology community to develop more effective and useful standardized testing methods.
As far as education in tribology is concerned, it is unlikely that a course in tribology will establish itself as one of the core subjects in the undergraduate curriculum. Nevertheless, key concepts in tribology such as mechanisms of friction and wear, types of lubrication, and applications in tribology should be incorporated in relevant courses such as machine design, engineering materials, and manufacturing processes. Thus, rather than offering a dedicated course in tribology at the undergraduate level, introduction of the topic by integration with other courses would be more effective in educating a wider spectrum of engineers with the subject.
Finally, regarding the prospect of tribology in the future, the vision is that tribology will be a technology "driving" discipline rather than a technology "driven" discipline that it has been so far. This vision is quite realistic considering that as emphasis of high technology leads more towards micro and nano-scale systems, understanding and control of surface interactions will become ever more critical. Thus, tribology will serve as the technology enabling discipline as surface force interactions among micro-parts become more prevalent in future technologies.
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